Context. Galaxy clusters play a crucial role in constraining cosmological parameters. Cluster detection and characterization have therefore become an important field of modern cosmology. Aims. In this work, we aim at constructing a reasonably representative composite luminosity function of cluster members in the WISE survey that can be used in the future as an input in matching algorithms for cluster detection. Methods. We use a sample of massive clusters from the redMaPPer SDSS catalog to match the positions of the WISE sources. We build the composite luminosity function of the WISE members in different redshift bins. Results. We find that galaxy cluster members have a characteristic composite luminosity function, with a clear change in the slope at a given apparent magnitude M * , which becomes fainter with increasing redshift. The best-fit bright-end slope β is compatible with a constant value of 3.54 with no clear trend with redshift, while the faint-end slope α is remarkably different, ranging from 2 to 3. Conclusions. We present the first characterization of the composite luminosity function of the WISE counterparts of redMaPPer SDSS cluster members and in this way we provide an element for building cluster detection techniques based on matching algorithms.
Introduction
Galaxy clusters are fundamental tools in modern cosmology. Their distribution in number and mass as a function of redshift is an indicator of the background cosmological properties of the Universe [e.g. Planck Collaboration et al. (2016a) ; Salvati et al. (2017) and references therein]. For this reason the detection of statistically complete samples of these objects is of considerable importance for their use as cosmological probes.
Galaxy clusters are complex objects containing a hot intracluster gas (ICM), amounting to about 15% of their mass, and galaxies, amounting to about 5%, lying in a dark matter (DM) potential well which represents about 80% of the total mass. Clusters emit at several wavelengths and so are detectable by different means. X-ray catalogs [e.g. REFLEX (Böhringer et al. 2004) ] are constructed using the X-ray emission from the hot plasma of the ICM. The same ICM can be detected through the Sunyaev-Zel'dovich (SZ) effect (Sunyaev & Zeldovich 1972) . Recently, the Planck (Planck Collaboration et al. 2016b , ACT (Hasselfield et al. 2013 ) and SPT (Bleem et al. 2015) produced several catalogs of SZ clusters. In total, they contain more than 1700 identified SZ-selected clusters up to z = 1.5 (http://szcluster-db.ias.u-psud.fr/). Optical catalogs [e.g. redMaPPer SDSS (Rykoff et al. 2014 (Rykoff et al. , 2016 ] use the information from the emission of the stellar component to detect clusters. There are several ways to identify clusters in optical observations. redMaPPer is a red-sequence cluster finder optimized for large photometric surveys like SDSS (see Alam et al. (2015) for recent releases). For another red-sequence based detection algorithm, see Licitra et al. (2017) . There exist also cluster detection techniques based on matching filter algorithms for photometric optical/infrared (IR) data [e.g. BCF (Ascaso et al. 2012) and AMICO (Bellagamba et al. 2017) ]. In general, those algorithms try to match a template for the object under detection to the distribution of sources. For clusters, the template is usually a combination of the spatial distribution e.g., Gaussian, NFW Navarro et al. (1996) or β-model Cavaliere & Fusco-Femiano (1976) profile and the luminosity function of the galaxy members.
The luminosity function (LF) is a common tool to characterize the distribution of luminous matter in the Universe [e.g. De Propris et al. (2003) ; Lan et al. (2016) ; Lake et al. (2017b) and references therein]. It depends on the environment, and its evolution with redshift can be used to trace the changes in the galaxy population. The exact shape of the LF is still debated, in particular regarding the faint end [e.g. Hansen et al. (2005) ; Zucca et al. (2009); de Filippis et al. (2011); Moretti et al. (2015) and references therein]. There is general agreement that the bright end is described by a Schechter function (Schechter 1976) . At optical and infrared wavelengths, it is usually determined from photometry by statistical means, either in a single band or using color information. In particular, the infrared K band provides a good approximation of the underlying stellar mass function (Gavazzi et al. 1996; Bell & de Jong 2001; Kettlety et al. 2018) . Because the bright end is always poorly sampled in a single cluster, individual LF of different objects can be combined in a composite luminosity function (De Propris et al. 2003, and references therein) .
In this paper, we aim at characterizing the IR luminosity function of cluster members using the Wide-field Infrared Survey Explorer (WISE) data (Wright et al. 2010) . WISE is an infrared space telescope which surveyed the all-sky in four mid-infrared bands at 3.4, 4.6, 12 and 22 µm. By completely scanning the sky twice, it took images of threequarter of a billion objects, ranging from galaxies to stars and asteroids (https://www.nasa.gov/mission_pages/WISE/ mission/index.html). We stress here that our main purpose is to provide a description of how cluster galaxies appear in WISE, so that the cluster galaxy LF we obtain may be used in the future in matched-filter detection techniques applied to WISE data. Numerous other studies of galaxy clusters focused on their IR properties using the WISE data to detect new clusters. The MaDCoWS project (Stanford et al. 2014 , and references therein) aims at detecting high-redshift massive galaxy clusters by combining WISE and SDSS data and using spectroscopic observations to confirm their results. Burenin (2017) extended the Planck cluster catalog by identifying clusters combining the 3.4 µm band of WISE and the SDSS data, using the algorithm described in Burenin (2015) . For rich (λ > 40, where λ is the richness parameter defined in Section 2) redMaPPer clusters, the algorithm detects IR emission in WISE images convolved with β-models and then identifies the brightest central galaxy and the red sequence using SDSS data. In both cases, no information on the luminosity function is used. Indeed, the cluster members luminosity function has remained mostly unexplored in WISE despite its potential importance as an ingredient in cluster detection techniques based on matched filtering. By using WISE data, we are facing several issues (e.g. lack of redshifts; difficulty in identifying cluster members and the Brightest Cluster Galaxy; contamination by foreground galaxies, AGNs, etc.). Therefore, our approach is to choose a large sample of known clusters with identified members from the redMaPPer catalog and to characterize their IR properties in WISE through the LF. This provides us with a reasonably representative LF to be used in the future cluster detections. WISE and SDSS use different magnitude systems (VEGA and AB, respectively), but this is not going to affect our results because we only use SDSS objects to crossmatch the WISE catalog.
The paper is organized as follows: in Section 2 we describe the data, the sample selection and the matching procedure. The construction of the WISE composite luminosity function and the parametrization we use to fit it are presented in Section 3. In Section 4 we describe the our results. We discuss their impact and draw our conclusions in Section 5. Throughout the paper, we use the following cosmological parameters: H 0 = 70 kms −1 Mpc −1 , Ω m0 = 0.3 and Ω Λ = 0.7.
Data
The first step to build the luminosity function is to identify cluster members in WISE.
Cluster samples
We start from the redMaPPer DR8 cluster catalog of the SDSS survey (http://risa.stanford.edu/redmapper/). It contains 26311 groups and clusters with redshifts ranging from 0.08 to 0.6 detected using a photometric red-sequence cluster finder algorithm (Rykoff et al. 2016) . Every galaxy is associated a redMaPPer photometric redshift probability p mem (Rykoff et al. 2014) . The cluster richness λ is defined as the sum of the membership probabilities over all galaxies within a scale-radius. The spectroscopic probability p spec is defined by comparing the membership probability with the measured spectroscopic membership rate (Rozo et al. 2015) . The only other quantities we are taking from the SDSS catalog, in addition to the above mentioned ones, are the celestial coordinates of cluster members. Given the redshift distribution of the redMaPPer clusters (see Figure 1 ), we consider nine redshift bins of width ∆z = 0.05, from z = 0.10 − 0.15 up to z = 0.50 − 0.55. We define a reference cluster sample constituted by 100 randomly selected massive clusters in each redshift bin by setting the richness limit to λ > 45.
We consider also a second sample from which we excluded the most massive clusters by randomly choosing 100 objects with 45 < λ < 90, roughly corresponding to a mass range from 2.6 to 6.4 × 10 14 h −1 M (Simet et al. 2017; Murata et al. 2017 ). This control sample will allow us to check that our results are not driven by the most massive clusters. In both cluster samples, the average richness increases with redshift, but as expected the effect is less pronounced in sample 2, when we do not consider very rich systems (see Fig. 2 ).
Galaxy members
For each cluster in the two samples, we search for the WISE counterparts of the galaxy members. The redMaPPer catalog provides us with the galaxy members in SDSS. For every member in the redMaPPer catalog with spectroscopic probability p spec > 0.5 we compute the celestial coordinate distance and search the closest counterpart in the WISE galaxy catalog. Using p spec instead of p mem is a more conservative choice, because there are few members with p mem > 0.5 and p spec < 0.5, but not the reverse, so by choosing p spec > 0.5 we also ensure that p mem > 0.5. We checked that the cross-match completeness did not change from p spec > 0.9 to p spec > 0.5, so we choose this value in order to increase the statistics of the galaxy members in each cluster. We retain as matched members only WISE sources that have a distance to the SDSS source < 0.5 arcsec. The point spread function (PSF) of WISE is 6", while the PSF of SDSS is 1.4". This can generate blending of different SDSS sources into a single WISE source. For this reason, we allow multiple assoctiations of different SDSS sources to a single WISE source, but not the contrary. We stress however that the frequency of these multiple matches is rare, and this should not affect our results. For the spatially matched WISE sources, we consider the magnitude measured with profile-fitting photometry, noted mpro (see http://wise2.ipac.caltech.edu/docs/ release/allsky/expsup/sec2_2a.html#w1mpro). For our study, we are mainly interested in the magnitudes in the w1 band of WISE, corresponding to 3.4 µm, since it is the most sensitive to star emission from galaxies. All the same, we consider in addition the w2 band at 4.6 µm, which is also sensitive to hot dust. We further set a last constraint to the cross-match between SDSS cluster members and WISE sources. The errors on both w1 and w2 magnitudes should be greater than 0. This ensures us that we have a measured magnitude in both bands and not only an upper limit. We do not perform any color selection, but we check a posteriori that the contamination by quasar objects is low by verifying that sources with w1 − w2 > 0.4 represent only a few percent of the matched members (cfr. Kurcz et al. 2016 ).
For each cluster from the two samples, we can define a completeness as the ratio between the number of retained matched WISE sources and the initial number of redMaPPer SDSS members (with p spec > 0.5). While it is important to bear in mind that this ratio can depend on luminosity, we however describe the behaviour of the obtained "effective" completeness. We find that it is a decreasing function of redshift independent of the richness of the sample. Indeed, as can be seen from Fig. 3 , the evolution of the effective completeness with redshift is identical for the two cluster samples: it decreases linearly from approximately 80% at z = 0.10 to 40% at z = 0.35, and then remains constant. So at z > 0.3 we lose more than half of the initial redMaPPer members, but this fraction is independent of the richness of the sample, which is significantly different at those redshifts.
The WISE composite luminosity function
Following De Propris et al. (2003) , we construct the apparent w1 and w2 composite luminosity function (Colless 1989) for the WISE counterparts of SDSS cluster members. The number of galaxies in the j-th magnitude bin of the composite LF, N c j , is defined as:
where N i j is the number of galaxies in the j-th bin of the i-th cluster LF, N i0 is the normalization used for the i-th cluster LF (number of galaxies brighter than w1 norm ), m j is the number of clusters contributing to the j-th bin, and N c0 is the sum of all the normalizations. The latter is given by:
The errors in N c j are computed according to
where δN c j and δN i j are the errors in the j-th LF bin for the composite and i-th cluster, respectively. In our case, we assign Poissonian errors to N i j , so that δN i j = N i j and
As discussed in the introduction, by using WISE data alone we do not have any information on the redshifts of the sources. For this reason, and with the aim of detecting clusters without having any a priori knowledge of their redshift, we consider here apparent magnitudes. We will briefly discuss absolute magnitudes in Appendix A. For the same reason, we cannot correct the effective completeness for redshift effects as in De Propris et al. (2003) . In order to compute the number of galaxies in the j-th magnitude bin of the composite LF, we consider a magnitude bin width of 0.5 mag. This is large enough to contain several galaxies within each bin and small enough to sample sufficiently well the LF by allowing a sufficient number of bins. For the normalization, we set w1 norm = 17 and w2 norm = 16. Those values are close to the limiting magnitude of WISE, but the precise choice has not a crucial impact on our final results. For example, the shape of the bright end composite LF for w1 does not change for w1 norm in the range [16 − 18] .
Our objective is not to explore in detail the physical properties of the WISE LF of the redMaPPer SDSS clusters but rather to characterize the composite LF, in particular its shape, in order to apply it as a template for blind detection of clusters in WISE. We therefore fit the normalized composite LF, i.e. the composite LF divided by the number of clusters used to build it, N c j,norm . This is similar, in principle, to what is done in Moretti et al. (2015) and leads to a LF which is representative of the average cluster. The WISE composite luminosity function increases with increasing magnitudes, up to a point when it starts decreasing. This feature was already evident in the SDSS composite luminosity function. It reflects the incompleteness of the original data and it is not due to the crossmatching procedure. In Figure 4 we show the obtained composite LFs (points with error bars) of the reference sample for the w1 band, up to the point where they reach their maximum before decreasing.
We . We found that the Schechter function was not returning a good fit to our data. For this reason, in our study, we consider a double power law (Babbedge et al. 2006; Goto et al. 2010) which is known to provide a good description of the cluster members IR luminosity function:
leading to
where α is the slope of the faint end and β is the slope of the bright end. The other two parameters of the fit are the normalization φ * and the transition magnitude between the two power laws M * . In each redshift bin, we fit the composite LF up to the magnitude where it reaches its maximum, and do not consider data at fainter magnitudes. We evaluate the quality of the fit by computing the reduced χ 2 red of the fit as
where σ is given by equation (4) and N par = 4. We noted that the fit is sensitive to the choice of the initial parameters, so we sample the parameter space with an iterative process, starting from a default set of initial values (namely, φ * ini = max(N c j,norm ), M * ini = w(φ * ini ), α ini = 2 and β ini = 2). For the first iteration, we use the best-fit parameters as starting values for the new fit. Then, we compare the χ 2 red of the two fits and choose the parameters giving the best χ 2 red as initial parameters for the following iteration. We perform 10 4 iterations and take the final results as best-fit parameters. We note that in general the fit converges after a number of iterations which is orders of magnitude smaller than the total number of iteration. For every redshift bin, we independently repeat the iteration 10 times to avoid any bias in the fit. Figure 4 displays the obtained composite LFs for w1 magnitudes of our reference sample. It is immediately evident that there is a break in the slope at a given magnitude. For each redshift bin, Fig. 4 . Normalized composite luminosity function (points with error bars) N c j,norm , as defined in Section 3, in the nine redshift bins, for our reference sample, λ > 45, in the w1 band. Full lines show the best-fit of the double power law formula, equation (6), to the data.
Results
we provide in Tables 1, 2, 3 and 4 the best-fit parameters and associated errors for the w1 and w2 composite luminosity function of the two cluster samples. In the following, we will not discuss the normalization φ * but rather focus on the shape parameters of the composite LF.
We first focus on the apparent magnitude M * marking the transition between the two regimes of the double power-law composite LF. For our reference cluster sample, we note that the best-fit value of M * for the w2 LF are 0.5 magnitudes brighter than the best-fit values for the w1 LF. We also note that the bestfit values of M * for the w1 LF are the same, within the error bars, when considering the reference sample (λ > 45) and the sample without the richest clusters (45 < λ < 90), and the same is true for w2. This indicates that M * is no biased by the most massive clusters. Finally as can be seen from Fig. 5 , the best-fit M * increases with redshift, with high-redshift clusters showing the transition between the two LF regimes one magnitude fainter than low-redshift clusters. We note here, but discuss in Appendix A, that this is not just a redshift effect.
We now turn to the slopes of the composite LF. The obtained best-fits values are summarized in Tables 1, 2 , 3 and 4 and displayed in Fig. 6 . The left panel shows the results for β, i.e. the slope of the power law in the bright end of the composite LF up to M * . Let us start by considering the reference sample in the w1 band. The values for β range between 3.49 and 3.76. If we fit the redshift evolution of β with a constant [β(z) = β 0 ] we get a value of 3.54, while if we fit it with a linear relation [β(z) = β 0 + sz] we get a result compatible with no evolution, and the two χ 2 are similar, as summarized in Table 5 . So we can conclude that the bright end slope of the composite LF of our reference sample is constant with redshift. If we now move to the second sample, the one that does not contain the richest clusters, we see that, while the fit with a constant still provides an acceptable χ 2 , the linear relation provides a better fit, with a negative slope incompatible with no redshift evolution. A similar result is found when considering the two samples in the w2 band. In both samples, the evolution with redshift is stronger for w2 than for w1. Most importantly, the value of β for the cluster composite LF significantly differs from the average value for the field. We checked this by evaluating the field composite LF for 1 deg 2 patches of Table 1 . Best-fit parameters for the double power law, equation (6), fit to the normalized apparent w1 composite LF for WISE data (with w1 norm = 17) for our reference sample (λ > 45). Table 2 . Best-fit parameters for the double power law, equation (6), fit to the normalized apparent w1 composite LF for WISE data (with w1 norm = 17) for our control sample (45 < λ < 90). Table 3 . Best-fit parameters for the double power law, equation (6), fit to the normalized apparent w2 composite LF for WISE data (with w2 norm = 16) for our reference sample (λ > 45). the sky in the same regions where the clusters of the reference sample are located, and by repeating the procedure in other 10 random patches of the sky of the same size, for a total of 910 field patches. We do this simply by evaluating the composite LF of all the sources in the field satisfying the selection criteria we used for the cluster members. The slope of the power law for the field varies within 2.8 and 3.1, with no significant scatter and no evolution with redshift. This result clearly shows that the cluster LF of our reference sample shows a characteristic bright end in the WISE w1 band, steeper than the one of the field, with a constant slope of 3.5. Even when considering the second sample of clusters, despite the fact that the redshift evolution of β is better described by a decreasing linear function, the bright-end slope is incompatible with the one of the field.
The right panel of Fig. 6 shows the best-fit values for the faint-end slope, α, of the composite LF. The values for α range from 2 to 3 and are significantly different from the ones for β, indicating that there is indeed a transition in the shape of the LF for cluster members, that justify the use of the double power law equation 6. This is not the case for the field, where the value for α is similar to β, around 3, meaning that the field is well described by a single power law. Even if it is difficult to find a trend with redshift of α (but we note here that the value is similar for the two samples, indicating that the average richness has no major impact on these results, and is different for w1 and w2), it is the change itself in the slope that can be used as another indicator to identify cluster members in WISE. Indeed, in addition to the different bright-end slope, the composite LF for cluster members also has a different shape with respect to the one for the field.
Summary and Conclusions
In this work, we build an IR composite luminosity function for the apparent magnitude of cluster members using WISE data. We identify the cluster members by matching the position of the WISE sources with the cluster members in the redMaPPer Table 4 . Best-fit parameters for the double power law, equation (6), fit to the normalized apparent w1 composite LF for WISE data (with w2 norm = 16) for our control sample (λ > 45). DR8 SDSS catalog. We consider 9 redshift bins containing 100 clusters each, in two different samples. The reference sample contains clusters with λ > 45, while the control sample contains clusters with 45 < λ < 90. For the two samples, we consider both w1 and w2 apparent magnitudes. We fit the normalized composite LF with a double power law and provide best-fit parameters for the transition magnitude M * and the bright and faint-end slopes β and α, respectively. From our analysis we can draw the following conclusions:
1. The composite LF for cluster members in WISE is characterized by a value of the bright-end slope β which is significantly steeper than the one for the field. For clusters in the reference sample, β in the w1 band ranges from 3.49 to 3.76 at different redshifts, and it is compatible with a constant value of 3.54. For clusters in the control sample, β shows a mild negative trend with increasing redshift, with values ranging from 3.17 to 3.60. On the other end, the field is described by a slope between 2.8 and 3.1, which is significantly different from the one of clusters, independently on the richness of the sample. This is a clear signature that can be used to identify cluster members in WISE data. 2. The faint end slope α of the members composite LF has a value between 2.0 and 3.0, remarkably different from β. This is an indication of the existence of a transition between the bright end and the faint end that is not present in the field, where the value for α is similar to β. The trend with redshift is less clear than in the bright end, but the existence of this transition itself can be used as a secondary characterization when searching for clusters in the WISE data. 3. The transition apparent magnitude M * is increasing (shifting towards fainter luminosities) with increasing redshift. This means that, even if the global shape of the composite LF (and in particular the bright end) is the same at all redshifts, there is a shift in the transition magnitude. This is not just a redshift effect, as we discuss in Appendix A. This fact can be used as an a posteriori additional information to constrain the redshift of clusters detected with WISE data.
With the composite LF discussed in this work, we provide an ingredient for detecting clusters in the WISE survey with matched-filter algorithms that will be implemented in subsequent studies. reproduced, as expected. For the absolute M * the trend with redshift that we found for the apparent M * does not disappear, indicating that what we see in Figure 5 is not just a redshift effect. Actually, the transition happens at a brighter absolute M * for high-redshift clusters than for low-redshift ones. This means that the composite LF is not completely self-similar at different redshifts, despite the results we discussed for the bright-end and faint-end slopes remain valid when considering absolute magnitudes.
